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Abstract of Thesis

Combustion of Aluminum

The purpose of this thesis is to study the following
aspects of aluminum combustion and to apply the theoreti-
cal results from the study for the future designing of a
colloid particle generator. The thermodynamics of the
combustion of aluminum is discussed. The flame temperature
and the composition of flame products at that temperature
are calculated from the thermodynamic data. The radiant
heat transfer from the flame is considered. The particle-
size distribution is derived from the vapor-phase burning
model and subsequently compared with a surface burning
model. Colloid thrustor efficiencies are determined based

on using particles produced from both models.

Seong W. Shin
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CHAPTER 1

INTRODUCT ICN

Current interest in combustion of aluminum stems in
part from its use in colloid propulsion. The flame of alum-
inum vapor in an oxidizing atmosphere produces a large

quantity of colloid particles consisting of submicron Al,0

2
particles. Theoretical analyses predict that homogeneous

3

condensation by cooling a non-reacting condensable vapor
in an expansion nozzle will produce particles with less than

.

5% particle formation effic

ot

ency {(reference 1), whereas the
vapor phase combustion of certain metals (aluminum and
magnesium) yields much higher percentage condensation effi-
Clency. Condensation efficiencies in the vapor-phase
combustions of Mg or Al are greatly increased by allowing
the heats of combustions to radiate away from the particle-
zas mixtures.‘ Because, as the temperature reduces, the
Supersaturation increases. The combustion of Al or Mg gives
a high flame temperature and leads to a significant radiant
heat flux which is propoft;pnal to the fourth power of the
absolute temperature while the nozzle~expansion systems
operate at lower temperatures and lead to lower radiant
heat fluxes. Recent experiment of vapor-phase combustion

of magnesium by Courtney (reference 2) has shown that gl

A

particles are formed with 907 particle formation efficiency.
tiowever, because of the lack of satisfactory condensation

theory applicable to heterogeneous condensation, the



particle formation efficiéncy of combustion system has

not been predicted by theoretical analyéis. The particle
formation efficiency of aluminum combustion will be deter-
mined by experiment following this thesis. 1In this thesis,
fhe following aspects of aluminum combustion are generally
studied for the future construction of the A1203 colloid
particle generator. Thermodynamic criterion for vapor~
phase combustion of aluminum are elucidated. The flame
temperature and the composition of flame products at that
temperature are calculated from Thermodynamic data. Radi-
ant heat flux is discussed. The particle-size distribution
of Fein's surface burning model is compared with that of a
vapor-phase burning model. For both models, the colloid
thrustor efficiencies are calculated. An improved effi-
ciency (=64%), in contrast to 30% for Fein's model, is
obtained by replacing Fein's model with a vapor-phase
burning model. Aluminum has been chosen as one of the
reacting fuels because aluminum is available as a spent
tankage in certain space missions (reference 3). The
chemical reaction, 2Al(g) + %Oz(g)—*-A1203(l), has been

specifically treated in this thesis.




CHAPTER 11
Thermodynamic Consideration of Aluminum Combustion

A, Distinctive Aspects of Metal Combustion

*+ The disadvantage of using aluminum as fuel for colloid
thrustor rests on its very large heat of combustion.
Grosse and Conway (reference 4) stressed the relationship
between position in the periodic table and heat of combus-
tion and showed that the highest flame temperatures are to
be expected with metals in groups 11, 111, and 1iV. Metal
combustion produces a large amount of condensed-phase
particle smoke. Most of the peculiarities of aluminum
combustion arise from the production of a condensed-phase
groduct different in composition from vapor~phase products.
The large exothermic heat of formation of combustion
products demands that they ultimately must become highly
stable condensed-phase substances. For this reason, there
¢xists in the combustion zone vaporized fuel and combustion
products in the liquid or solid state. The dissociation
of metal oxides upon vaporization generally limits the
tempefature of metal-oxygen flame to the boiling points of
the respective metal oxides. Therefore, since the majority

of

metal oxides decompose partially or completely at high
cemperatures, the oxide boiling point used must be defined
in terms of the equilibrium of the condensed oxide with

its vapor-phase decomposition products at the ambient

pressure. The extent of decomposition of 4l,0. at flame
Lo



temperatures is discussed in Section E. One of the diffi-
culties currently encountered in the field of metal
combustion lies in the lack of reliable Thermodynamic data
required in the computation of decomposition equilibria.
The Thermodynamic information used in this thesis has been
taken from reference 5-7. 1In the event of conflicting
data, the values of reference 5 were used.

Another distinctive characteristic of metal flames is
the high emissivity, owing to the presence of condensed-
phase products. Finally, it has been suggested (reference
8) that, in view of high temperatures attained in metal
flames, the burnt gases should be ionized to a considerable
extent. However, no measurements of ionization in metal
flames have been reported, and the chemical nature of the
ions is not known. A further important consequence of the
presence of condensed-phase products is the possibility of
sequential homogeneous and heterogenecous reaction processes
in the combustion of aluminum. Heterogeneous reaction is
interpreted as the reaction of aluminum suboxides or
oxygen on the aluminum surface or on and within a protec=-
tive aluminum oxide layer. No studies of the burning of
prevaporized aluminum have been made but several excellent
studies of the burning of wire and powder has been done.

A therwmodynamic criterion for predicting whether surface
or vapor-phase burning will take place is discussed in
Section 3. The vapor-phase burning is commonly suppressed

due to the formation of a protective oxide layer, or to




the fact that the flame temperature reduces to the temper-
ature below the boiling point of metal by radiation, or

to both causes combined.

8. Combustion of Aluminum Wire

Glassman (reference 8-9) made a survey of thermo-
cynamic data and of the experiments on metal combustion
published in the open literature. Reasoning from the
thermodynamic and physical properties of metals and their
oxides, he made the following generalization: (1) the
flame temperature of a burning metal is generally limited
to the boiling point of the §xide. (2) the existence of
condensed species in the flame zone at the high temperature
level makes thermal radiation important both in the rate
of energy transfer from the flame to the evaporating sur-
face and in the rate of heat loss to the surroundings. (3)
In the vapor-phase diffusion burning mechanism, energy must
be transferrec from the flame to the metal to provide the
latent heat of evaporation of the metal. Therefore, the
flame zeone must be at a higher temperature than the metal.
1f the flame temperature is the boiling point of the oxide,
and the metal must be at or below the boiling point of
the wetal, then the required temperature difference cxists
only for those metals for which the boiling point of the
oxide 1is greater than the boiling point of the metal.
Applying statement (3) to the available boiling point
‘data, Glassman predicted that Li, Na, Mg, Al, Ca, X

. Be,

and i could burn in the vapor-phase. The boilinx points



and melting points of the metals and those of oxides are
listed in Table 1. These boiling points and melting
vpcints are the temperatures measured at one atmosphere.
Of course, the boiling points change with pressure; thus
the question arises, since the heat of vaporization of
the oxide and metal are different, will a material which
will burn by one mechanism at low pressure burn by another
at high pressure. This point was checked with the avail-
able thermodynamic data and Figure 1 shows that the burn-
ing character of the metals generally should not change;
i.e., the lines for the metal and for the corresponding
oﬁide do not cross as the pressure increases. A further
discussion of the boiling point criterion was given by
Brzustowski (reference 10).

To Glaésman's condition for vapor-phase burning (the
boiling point of the oxide is greatér than the boiling
poirt of metal), Brzustowski added, the second requirement
ior the vapor-phase burning. In‘any practical cases, the
actual flame temperature can be reduced by radiation heat
loss to a temperature below the boiling point of metal.
in such cases, the metal cdoes not vaporize and thus burns
by a surface~burning mechanism. The necessary and suffic-
lent condition added by Brzustowski is as follcws: metals
burn in the vapor phase when the boiling point of the oxide
is¢ greater than that of the metal and, at the same time,
when the actual flame temperature is higher than the boil=-

ing point of the metal. Glassman's criterion is a




necessary but not sufficient condition for the existence of
a vapor-phase flame over a burning metal. 1In a chemical
reaction taking place at constant pressure at the temper-~
ature T, Brzustowski (reference 10) defined Q(T) as the
difference between the total enthalpy of the reactants at
the flame temperature, H

(T), and the total enthalpy
(T).

Jrzustowskil based these quantities on a mole of that

react.

of the products at the same temperature, Hprod

reactant which is normally called the fuel. Thus,

Hprcd.(T) - Hreact.(T) = &T)

Figure 2 shows a plet of Q(T) against T at a given
pressure for three types of metals. In (a), the combustion
product has no phase change between the reference temper-

ature, T and the adiabatic flame temperature 7T .

“ad

In (b), a phase change occurs at some temperature I, lower

ref.?

than the adiabatic flame temperature. Tref is a tempera-
ture above the oxide melting point but belcw the adiabatic
I lame temperature. TP is the temperature at which the
tiquid phase oxide changes to vapor phase and is always
equal to cr lower than a hypothetical adiabatic flame
temperature. The latent heat associated with phase charge
is L. In (c), the phase change occurs at the adiabatic
flame temperature. Q(Tref) is the sc~called heat of

combustion at the reference temperature. If o

o}
)]

t

as tine fraction of phase change accomplished, tie curves

is defined
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re Y

of Q(T) can be labelled with the appropriate values of a_.

b
in (a), ag = 0
-  a
in (b), ay=0, T &T<T,
ag = 1, TP<'T£Tad.
O$a5$l, 1‘:1@
In (¢), ag=0, T {TLTp =T,

£1, T=T,=T

P ad.

The rate of production of sensible heat in a non-adiabatic
flame at TB is wa<TB)’ where We is the molar rate of
metal consumption. The net heat loss from the reaction zone

can be a function of many variables such as wf , the flame

temperature, the flame emissivity, etc. However, in the
case of interest, radiation and conduction from the flame

are probably the most significant heat transfer mechanisms.

The vadiant hcat transfer to an enclosure from two-phdase

flows has been investigated by 3yrne (reference li). How-

ever, it is very difficult to determine the numerical value
ot radiant heat transfer for specific case due to the very
complicated nature of radiation from small particles. The

peculiar nature of radiation from small particles is dis-

Cussed in Chapter 11l in detail. In any given set of
amblent conditions, the net rate of heat loss from the

tlame can reasonably be expresscd as a function only of 7.

)

M

ine net heat loss by radiation and conduction from the

‘fiame is denoted here by Q(TB).

The equation which defines




the flame temperature in this non-adiabatic system is

Figure 3 shows curves of 6(TB) and wa(TB) versus TB for

the three cases shown previously. The intersection of the

two curves gives the non-adiabatic flame temperature. Here,

¥

TB 1s the non-adiabatic flame temperature at which the rate
of heat production is equal to the rate of heat loss. In
case (a), a, is known to be zero and the flame temperature

H 2
4 1

s Bl' Clearly, ay = 8 for all TrefngBIS Taq + 1In case
(b), three examples are possible:

g = 0, TrefsTB1< TP

0 éaBg L, TBZ = Tp

ay =1, TP<TB3g Tog

The three examples occur in order of decreasing 4. In case

(c), only two types of solutions are possible:
o = 0, TrerSTp < Tp

O<Q5<l T =T = T

(nly positive values of q have been considered, because,
if § is negative, heat is transferred to the flame from
its surroundings. The above examples are now applied to
the combustion of metals. 1If Tref is taken as the temper-

Ature above the oxide melting point, then TP = ng 1s the
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oxide boiling point, and a, is the fraction of oxide

B
vaporized. Case (a) shows a metal whose temperature of
flame is always less than T%S and whose product of com-
bustion is liquid oxide. In (b), the flame temperature can
exceed ng under adiabatic conditions with the oxide com-
pletely vaporized. Case (c) shows a metal whose adiabatic

iame temperature can not exceed Tﬁg . The product oxide

1s only partially vaporized under adiabatic conditions.

i‘'he criterion for vapor-phase combustion is that TB ex=-
ceeds TQP . Here TB is the flame temperature and T?P

is the boiling point of metal. Metals (a), (b) and (c)

M
Bp °

Since TB depends upon the net heat loss to the surround-

can therefore all burn in the vapor-phase if TB> T

ings, the existence of vapor-phase mechanism is also a
function of the heat transfer between the particle and its
envircnment. Calculations of adiabatic flame temperatures
reported by Glassman (reference 9) and Fassell (reference
12) show that Al, Be, Li, and Mg fall into category (c).
The adiabatic flame temperature is reported (reference 4)
to be equal to the boiling point of various oxides involved.
Fassell made the computer calculations of the adiabatic
flame temperature and the mole fraction of the species
present at this témperature. tflis results are presented

in Table [I. Fassell pointed out that, if radiation loscers
occur from the burning droplet of metal, the temperature
Wwill be reduced with a corresponding increase in the liquid

oxide species because the degree of supersaturation of




vapor becomes greater with reduced temperature. Fassell
also identified the combustion product of aluminum by the
X-ray diffraction method (major oxidé species is Alpha-
AlZO3 and minor species is Gamma-A1203). Rautenberg and
Johnson (reference 13) have measured the flame temperature
in the aluminum oxygen reaction and have verified that it
is equal to the boiling point of A}.?_O3 (within a few
hundred degrees of 3800°K). They also indicated that the
emitting source in an aluminum photoflash lamp is actually
a blackbody at 3800°K and that this temperature can not be
altered substantially. The criterion for vapor-phase
combustion has been verified by Brzustowski in his experi-
mental work with aluminum. Aluminum also satisfies
Glassman's criterion. Literature review shows that, as
long as aluminum burns at low pressure and high oxygen
concentration, fine aluminum wires or small aluminum
particles burn in the vapor-phase. 7The heat requirement
for the Al vaporization would be eliminatec, if aluminum
wirees burn in vapor-phase |, for the wires would self-
vaporize due to the heat transfer from the flame zone. In
this sense, a wire burning technique seems particularly
attractive in the combustion of aluminum. 1In summary,
dluminum burns in a vapor-phase according to the criterion
of both Glassman and Brzustowski. It has been verified bv
drzustowski that metals can be divided into three cate-
sories, depending on the relationship of the adiabatic

ilame temperature to the boiling point of oxide. The
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:ffect of heat loss from the flame on its temperature has
veen discussed in detail, and it was concluded that the
oxide boiling point may be upper limit on the actual flame
remperature even if the adiabatic flame temperature could
be higher. In contradiction to Glassman's conclusion that
the burning character of metals generally does not change
upon the pressure, Brzustowski pointed out that the same
metal may conceivably burn in the vapor phase in one en-
vironment and on the surface in another, depending upon the
net rate of heat loss from the flame zone. This point was
verified by Brzustowski's experiment with alﬁminum wire.

A map of the burning mechanisms observed by Brzustowski

in oxygen-argon mixtures is shown in Figure 4. The obser-
vations were made at various pressures ranging from 100 mm
Hg to 225 psia and at values of the oxygen mole fraction
varying in steps of 0.1 between O and 1. Additional low
pressure tests were carried out at 50 mmdg for various
oxygen mole fractions. A wire burned in vapor-phase flames
only in region 3 in Figure 4. Therefore, the theoretical
vapor-phase model can not apply in the rest of regions.

it may be concluded that aluminum wire burns in the low
pressure {below 500 mm Hg) as can be seen in Figure 4.
Yapor~phase combustion of aluminum wire was also verified
by Harrison and Yoffee (reference 17). . In their experiments,
aluminum wires were~found to burn with a diffuse combustion
zone and produce large quantities of oxide smoke, indicat-

ing a vapor-phase burning process. g«irschfeld's
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investigations of burning aluminum wire (reference 18)
indicated a vapor~-phase burning process. In his experi=-
ment, an increase of burning rate with decreasing chamber

pressure below 0.5 atmosphere was observed.

C. Combustion of Aluminum Particles in a Hot Cxidizing

Atmosphere

Brzustowski and Glassman (reference 30) correlated
the observed behavior of non-volatile metal (Al, Be, Si,
Ti, Zr, B) particles burning in é hot oxidizing gas with
the physical properties of metals and their oxides. Table
I shows the melting and boiling points of the metals and
of their oxides. Most of the data in Table I are taken
from the JANAF thermochemical data (reference 6). The
oxides of all the volatile metals listed in Table I are
porous and not able to seal the metal against surface oxi-
dation. This property is shown in the last column which
lists the ratio of the volume of oxide formed to the volume
of metal consumed. It is more than a density ratio because
it takes into account the weight of oxygen consumed. When
this number, often referred to as the Piling and Bedworth
ratio, is less than unity, the oxide is porous. When it
is much larger than unity, of the order of 3, there is a
tendency for the oxide to blister and peel away from the
surface. A value close td unity, of the order of 1.3,
indicates a good protective layer. Brzustowski and Glass~

man observed from Table I that: (1) the metals are
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classed according to the properties of the oxides which
characterize the burning mechanism. The oxides of Al, Be,
Si are protective materials that adhere well to the metal
surface. It is expected that an oxide layer on the sur-
face of these metals largely inhibits oxidation over a
wide temperature range. The volume ratios of the oxides
of Al, Be, Ti, and Zr are all larger than unity but not

so large that the oxide coating might be expected to blis-
ter and peel off the metal surface. (2) the oxides of Al,

e

e, Ti and Zr boil at temperatures exceeding the boiling
points of the respective metals. The criterion for vapor-
phase burning indicates that Al, Be, Ti and Zr can burn
in the vapor-phase diffusion flames by which means that
gas-phase oxidants or aluminum suboxides diffuse into the
aluminun oxide layer. Figure 5 shows the scheme postu=~
itated to explain the obsarved burning behavior of Al, 3e,
and €1. The rate - of heat transfer from the surrounding
zas to a large particle is low enough so that a layer of
oxide has time to build up on the surface before the parti-
cle melts. In other words, the time required to heat and
melt the lafger particles is longer than the smaller
particles. This layer greatly inhibits further oxidation,
so that ignition does not take place. Indications are
that in the combustion gases piven off from the surface

of & burniag solid aluminum particles largaer than about &)

microens behave in this way (reference 15). 1f the mctal

particle is small enough, the rate of heat transfer to the




particle is generally high, and melting occurs bhefore
appreciable surface oxidation has taken place. The net
rate of heat loss from the surface of the oxide layer
determines the burning mechanism. Furthermore, if the
surrcunding atmosphere is hot enough and the residence
time of the particles in it is long enough, it is possible
that the metal within the liguid oxide shell may reach its
beiling point. It then becomes slightly superheated and
bursts the shell. The hot metal droplets released in this
fragmentation can burn bv the vapor-phase diffusion
mechanism. From Gordon'é observations (reference 16), it
may be estimated that aluminum particles of about 50 microns

exhibit this behavior in a 2800°K oxidizing gas.

J. lIenition Temperature of Aluminum Powder

The ignition of a metal in a reactive atmosphere 1is
4 phenomenon involving heat transfer and chemical reaction
at the surface. Reynolds (reference 14) performed an
analysis that relates the ignition temperature with the
Low temperature oxidation properties of the metal. The
treatment is based on the generally accepted view that
ignition will occur if the heat produced by the oxidation
seaction exceeds the heat losses to such an extent that
tne temperature rise continues at an acceleratin’ rate.

neynolds considers both conductive and radiative nca

iosses. As he uses only one dimensional expressions,

. Ta >
e

inalysis applies only to the ignition of metal in »ulk.
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Grosse and Conway (reference 4) reported ignition tempera-
tures of various metals, measured partly by others and
partly in their own works. Ilgnition temperatures of

metals in oxygen are shown in Table I1l1. Grosse and Con-
way also state that among the factors that may affect the
ignition temperature are the following: purity of the
metal, gas composition including moisture content, pres=-
sure, state of subdivision, previous history of the metal,
and apparatus and technique. The ignition temperature

can be defined as the surface temperature of either the
particle or the bulk at which the rate of heat gain from

a chemical reaction first becomes equal to the net rate

of heat loss from the surface. The rate of heat loss

from the surface is the sum of conductive, convective,

and radiant rates. The rate of heat loss from the surface
by conduction into the interior depends on the conductivity,
size, and past history of the particles. The rate of con-
vective heat loss from the surface depends only on the
surface temperature and ambient fluid. The rate of radiant
neat lossvdepends on the surface temperature of the parti-
cle, the extent of chemical reaction reached, tne emissivity
of particles, and the concentration of thermal radiators

in the surroundings. A plot of the net rate of heat loss
and the rate of heat gain from chemical reaction against
surface temperature in Fisure 6 as was shown ir refercnce
L0 serves to define the concept of ignition temperature.

ihe ienition temperature is the temperature at which toe
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fiedr balance between the racte of heat gain and the rate of
heat loss is achieved. Cnce the ignition temperature has

veen exceeded, the temperature jumps to a stable tempera-

-

and T,
b} 1} b ]
°3

react.l

T
81 7 By

in Figure 3. The heat release rate shown by curve §

ture such as the flame temperatures, T

corresponds to a reaction which is limited only by the
surface temperature. Surface reactions which form porous,
non-protective oxides fall into this category. Curve

. \% he ra ' heat gain f a reaction which
Qreact. ? shows the rate of gain from r tio hi
is completely inhibited below some critical temperature.

1f the temperature-limited reaction rate at that critical

temperature exceeds the rate of heat loss, ignition occurs.

"

Lig2 corresponds, for instance, to the melting point of

the protective aluminum oxide film. Ignition of first
particles may occur very slowly. The ignition of subsequent
particles is accelerated by the heat release from those
particles which are burninz. The ignition of single alum-
inum particles injected into a hot gas stream of Known
uniform temperature, composition, and flow velocity were
investigated by Friedman and Macek (reference 19)., It was
found that injected particles would only iznite under cer-
tain conditions. Their experimental results for ignition
temperature under the various ambient conditions are shown
in figure 7. From the figure, it can be easily seen rhat
ambient oxygen content is a relatively unimportant variable
within the range of 5-25% O2 mole fraction, but an ambient

gas temperature of about 2300°¢< is the necessdry condition



for ignition. This almost coincides with the melting point
of aluminum oxide (2318°K). Friedman and Macek concluded
that ignition occurs only upon melting of the oxide layer
which coats aluminum. It is assumed that melting of pro-
tective oxide layer causes a discontinuous increase in the

surface reaction rate, leading to ignition.

L+ The Flame Temperature and Chemical Species LExisting at

the Temperature

Wolfhard and Parker (reference 20) compared flame
temperatures meésured by line-reversal and absolute-inten-
sity methods with color temperatures. The former methods
gave temperatures of about 32730K, whereas the color temper-
ature was 3873°¢ for aluminum. The discrepancy was explained
by anomalous absorptivity of the small aluminum oxide parti=-
cles which was found to increase from small values in the
visible to unity at about 3000 Angstrom. Based on value
of the aluminum oxide boiling point (325303) available at
the time of their work, the authors concluded that the true

flame temperature was that determined by the line-reversal

temperature had no physical significance. 1In compdrison
with the now accepted value of aluminum oxide boilin; point
of 3800° (reference 21), the boiling point of alumirum
oxide 1s closer to the measured color temperature (3273% ;.
A plausible explanation might be that the temperature oi
tne aluminuwn flame was reduced below the theoretical maxi-

mum by radiation losses. In contrast to wolfhard and
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rarker, Rautenberg and Johnson (reference 13) identify the
color temperature with the true flame temperature. In any
case, the flame temperature can not exceed the oxide boil-
ing point because of the restriction that large heat of
vaporization of oxide, which includes a heat of decomposi-
tion of A1203 to lower oxides. A higher envirenmental
pressure would therefore give a slightly higher flame
temperdture because of a slightly higher boiling point at
that higher pressure. This occurrence of disscciation at
high temperature complicates the calculation of theonretical
flame temperature. This theoretical temperature to which
the flame may rise after the combustion can be calculated
from the thermodynamic data. It is necessary to have a
flame temperature to be able to calculate the amount of
dissociation and obtain the gas composition. (n the other
hand, the temperature itself depends on the composition.
The theoretical flame temperature is only obtained oa the
assumption that there is no heat loss or gain by radiation,
thermal conduction, or convection. The first step is to
calculate the composition of the flame products for an
assumed temperature. The next step is to find the amnocunte
of heat produced by the chemical reaction and heat con-
sumed to heat the flame products of the composition to

the assumed temperature. The assumption of flame tempera-
ture is repeated until the heat balance between heat pro-
duction and heat consumption is achieved. The identifica-~

tion of chemical species existing at the flame temperature
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. . » " N v < N .
is still in doubt. Friedman and Macek in their experi-

P

mental work @n aluminum particle combustion showed the

.
presence of decomposition products, Al, AlO, A120, 0, and
02 4at one atmosphere. Glassman, however, argues that Ale
species does not exist. In Glassman's spectroscopic in-
vestigation of burning aluminum wires in oxygen-inert gas
mixtures, all bands and lines on the aluminum flame spectro-
grams are identifiable as Al, AlO, and impurities, and none
can be attributed to AIZO. The only possibility that could
resolve this disagreement would be for A120 to be present
as « short-lived intermediate under the condition that
aluminum flame experiments are carried out. From a vapor
pressure study of the aluminum-oxygen system under reducing,
and under neutral conditions, Brewer and Searcy (reference
21) concluded that under reducing conditions Al and ALZO
are the principal vapor species, while under neutral
conditions AlO and O are the principal vapor components.
in the reducing conditions, A1203 is heatred with aluminum
or another reducing metal. To achieve neutral conditions,
A1203 is heated alone. Fbllowing Glassman and Brewer and
Searcy's observations, it can be assumed that one mole of
A1203(l) dissociates into four moles of thne frapments al0,
Al, and 2L0) upon decomposition. 'The assumption that
atomic rather than molecular oxypen is the remaining frag-
ment was made following Ackermann, Thorn, and wWinslow
(reference 22). The formation and the decomposition re-

actions of 31203(1) are:
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Formation of A1203(l)

281(g) + 5 0y(g) — AL,04(1)

B3

Decomposition of AlZOB(l)

A1903(1) ——*'AALO(g) + Al(g) + 20(g)

At the equilibrium between liquid phase énd gaseous phase
cf burnt products, the number of moles of undecomposed
AléOB(l) is n(1-8), whereas the numbers of moles of AlO(g),
Al(g), and 0(g) are ng, ng, and 2ng, respectively. & is

L

B R
SCLine

th

d as the degree of dissociation and n  is The totai

[¢)

number of moles of A1203(1) initially produced by combustion.
The sum of moles of each Spécies at equilibrium gives the
total number of moles, that is n(l+35) moles. The adia-
batic flame temperature is now determined by successive
approximations. First, trial calculation is attempted

using the flame temperature of 3800°K. The equilibrium
constant Kp is expressed for the decomposition ireaction of

ALOOB(I) in terms of the partial pressures of each species.,

7
'\/
a

o]
- e N L
» = Paro Far (P

= 4(p, )%
The value Py = 8.9 x 10-2 atm can be obtained using
1 1ptp = =3.6 at T = 3800°¢ (Figure 8). The partial sres-
sure is prcpr:tlcenal to mcle fraction and therefore,
PAl = i%iwx—ggj.P whe;e P is the totel pressgure. Ihe
degree cof dissociation at 7 = 3500°¢ thus iound frem the

above relaticn is ¢ = 0.12. The numbers of moies of burnvg
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products on the basis of one mole Al,0,(1) formation are

as follow:

Burnt product number of mole
AL,04(1) | 0.88
A1(g) 0.12
Al0(g) 0.12
¢:9) 0,24
Total 1.36

it 1s noted here that the true mcle number c¢f burnc products
is n{l + 3p) = 1.36n, an increase of 0.26n moles over the
mole number of burnt products without decomposition. This
directliy indicates that the disscociation uses up a signifi-
cant amount of energy and limits the flame tempoerature.

The dissociation energy of A1203(l) is indirectly determined

by the usc of thermochemical data in refercnce .

siz) o+ 0(p) —=AlO(g) A

Al,0,(1) ——= AL0(g) + AL(3) + 20{g) AD°
Thus, the disscociation erergy per mole of A1203(l) is

A% = A% - AHS = 562.59 Kecal/mole

SO, . . . .
where zﬁz% is the heat of formation from elements in an

atomic gas state. The energy consumed upon the decomposi-

tion of 0.12 moles (B) of A1203(l) is therefcre (7.51 rcal
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(=8 AD®). We next calculate how much heat would be re-
quired to heat the combustion products from room tempera-
ture to T=3800°K. The heat content of the total true moles
of combustion products thus calculated is 135.25 Kcal. We
next calculate how much heat is produced in the flame. The
main source of heat liberated is in the formation of
A1203(1) and is equal to one molar heat of formation of
A1203(1) at room temperatﬁre from the assigned reference
elements (13H§ = «400.4 Kcal/mole at 298°K, reference 5).
The value of zﬁHg = =400.4 Kcal/mole compares with 135.25
Kcal of heat consumption; thus, the true temperature of

the flame, assuming no heat loss, will be higher than 3800°% .
and we must repeat the whole calculation for composition

for & higher temperature and then repeat the heat balance
test and so on until a temperature is found for which the
heat consumed is equal to the heat produced in forming a
burning mixture with the composition at that temperature.
The computations of compositions of aluminum~cxygen flame

at various temperatures and the heat balance computations
are summarized in Table IV. From the table, it can be
concluded that the theoretical adiabatic flame temperature
lies near 3980°K. This discrepancy between the reported
flame temperature, BBOOOK, and the temperature in this
calculation, 3980°K, probably results from the extrapolation
to high temperatures of thermodynamic data in reference 5.
This flame temperatufe is comparable with the flame tempera-

ture of 3908°K in Table II calculated by Fassell (reference
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12). However, the actual flame is expected to be much
lower than the adiabatic flame temperature because of larpe
amount of radiént heat loss from the flame due to the great
emissivity of the particles in the flame. The thermo-
dynamic data in reference 5 relevant to the calculations

in this section are listed in Table V. The plots of the
Gibbs free energy change (43G$), the enthalpy change
(ASH%), and the entropy change (leg) against the absolute
temperature in Kelvin are shown in Figures 9, 10, and 11
for the decomposition reaction, A1203(l)—--A10(g) +

Al(g) + 20(g) based upon the data in Table V. [rom these
figures, the Log,lOKP versus T°K graph 1s plotted in Figure

AGS
. ) . . e L I____
8 by the thermodynamic relationship, LoglomP = =3 T309RT  °
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Radiant deat Transfer in Aluminum-Uxygen Flame

The flame of aluminum-oxygen contains a large quan-
tity of small A1203 pérticies.. Hdot gases are selective in
their emission, leaving blanks in their spectra, whereas
particlés are continuous emitters, and for this reason
the liquid or solid particles emit much more energy for a
given temperature. In the analysis of radiant heat trans-
fer from Al-0 flame, Byrne (reference 11) neglects the
radiant heat loss from gaseous aluminum flame products cn
the ground of selectivity in their emission. In order to
investigate the mechanisms of excitation of the continuum
and the AlO spectra in the aluminum-oxygen combustion re-
action, Rautenberg and Johnson (reference 13) vaporized
aluminum foil in oxygen by means of an electric current
pulse and examined the emitted radiation by time-resolvecd =
spectroscopy. They concluded that the principal light
emission is blackbody radiation from ALO aand A1203 at or
below 3800°k, that is, the emissivity is unity. However,
this conclusion that the radiation of aluminum Ilame is
identical with that of a black-body can not be accepted
without reservation. There are two reasons for this. [Firsty
the emissivity of the material of the particle may vary with
wavelength and is a complicated function of particle sirze,
lne particle concentration, and the surrounding oressure.,

ine second reason is associdated with the scattering oy



light by small particles; the particles which are smaller
than a wavelength of light will not cnly scatter, but will
abscrb with an abscrption coefficient which alsoc depends

on wavelength even if the material of the particle is black
or grey. There has been little information in the open
literatures on the numerical evaluation of radiation energy
from the flame. Recently, Byrne (reference 1l1) has in-
vestigated radiant heat transfer from hot solid or liquid
combustion products to the walls of a combustion chamber

in an analytical method. Radiation heat transfer from the
combustion of aluminum in an oxygen containing atmosphere
under the high pressure was investigated. 1t should be
noted here that the results of his investigation can only
be regarded as a representative trend concerning the rcla-
tive importance of several parameters. The dassumptions

he made are: (1) the particles are randomly distributed
Lhircughout a transparent gas in the combustion chamber; (2,
the particle cloud is iscthermal; variations of particle
temperature with radial distance because of energy absorp-
tion by the wall and the variation of incident radiacioin
caused by position in the particle cloud are nepgligible;
(3) all the particles are black,spherical, of equal size
and at the same temperature; (4) the wall of combustion
chamber is 1sothermal and is diffuse in both emission and
reflection. The primary point of interest was a preciciinn
of the radiant heat transfer. Parametric variations were

made to determine the effects of particle size, chamver
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pressure, wall reflectivity, wall temperature, and pa: ti-
cle mass fraction. The number of particles of A1203 per
unit volume is specified indirectly by chcosing a particle
mass fraction of the mixture. The fraction of condensed
A1203 particle mass to the mixture is defined as the parti-
cle mass fraction. .Figure 12 is a plot of heat flux

versus particle size. The effect demonstrated here is that,
all else being eqﬁal,‘the larger the particle size, the
smaller the radiant heat transfer to the wall. As the
particle size is increased, the total radiating surface
area 1s decreased because of a decrease in the area to
volume ratio as size is increased. Since the total amount
of energy radiated is directly proportional to the surface
area, a change in surface area brings about a similar change
in the total energy emitted. It is interesting to note
from the changing slope of the curve, that as thé particle
size is increased, the wall heat flux becomes increasingiy
insensitive to further increase in particle size. Figure
13 is a plot of heat flux versus preésure. The indicated
trend is that higher pressures cause greater radiant heat
flux to\the wall. As the chamber pressure is increased,
the flame becomes‘more dense, more A1203 particles are in
the chamber, and therefore more total energy is emitted.
Figure 14 indicates that heat flux is strongly affected by
wall reflectivity. Reflectivity is a fraction cf incident
flux which is reflected. 4s the energy 1s reiflected by tne

wall, it is forced to traverse the absorbing fluid manv



times before the energy is absorbed by the wall. The
longer effective path length, therefore, causes more of
the initial flux to be absorbed by the cloud as the re-
flectivity of the wall is increased. The dashed portion
of the curve indicates known boundary conditions; as the
wall reflectivity reaéhes unity, no heat flux is absorbed
by the wall. It may be seen in Figure 15 that the wall
heat flux is almost independent of the wall temperature.
The driving potential in radiant heat transfer is the
tourth power of temperature. In this case, the particle
temperature is so high that the fourth power c¢f this tem-
perature is very large compared with the fourth power of
the wall temperature, regardless of wall temperature.
Figure 1€ shows the effect of the particle mass fraction
on the apparent emissivity. Apparent emissivity 1is taken
as the initial incident flux density to the wall from the
particlecs divided by the initial heat flux density from o
black-body at the particle temperature. Theoreticaliy, arv
the particle mass fraction becomes very large, the apparent
emissivity of the particle cloud should approcach unity in
the limiting case, because, as the particle mase fraction
approaches unity, the system becomes a black solid cylindor
enclosed by the chawmber wall. In other words, an element
of the wall can no longer see anything but particles. Lo
t'igure 16, the curve falls off to an apparent emissivity
of zero when the particle mass fraction is unity. oyrne's

results are obviously in error above a particle mass
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fraction of about 15%. Byrne's assumption (2) is oveir-
simplified. 1In fact, the temperathre along the chamber
changes with radial distance due to the large quantity of
radiant heat loss from the flame. From the view point that
assumption (2) can not be justified in actual system,
Byrne's numerical results can not be accepted in the prac-
tical case of aluminum combustion. However, his data are
vefy useful in predicting the general trend of the radiant
heat transfer with the variation of parameters. The numer-
ical analysis of radiant heat transfer from aluminum flame
seems extremely difficult at the present time because of
the unknown scattering and absorbing behavior of small
A1203 particles in the flame. Figures 12, 13, 14, 15 and
16 are the results of S8yrne's analysis. The Byrne's analiy-
sis does however provide some guidance for the analysics

of the model of this research.
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CHAPTEZR 1V

Aluminum Oxide Particle Size Distributions

The information about the particle size distribution
of A1203 is required to predict the ideal colloid thrustor
efficiency. A thecretical model has been derived by Iein
(reference 24) to e@nalyze the oxide particle size distri-
butions obtained by burning cyclindrically perforated

aluminum with oxygen.

A. bescription of the Model and Assumptions by Fein

“he Fein's physical model is schematically pictured
in Figure 17. The assumptions made by Fein in his analysis
are; (1) complete radial mixing is assumed throughout the
chamber except within a thin low temverdature regzion immwedi-
ately adjacent to the aluminum surface; {2, steady scat>
1s assumed to prevail, and the pressure and temperature
are assumed constant throughout the main pas stream; (5
hecduse ol the lacrease in burninz surface aree with La-
creasinyg the dilstance from the head end of the chamber (x,,
it is assumed that tne velocity of the combustion products
1s directly proportional to x. This velocity is piven by

P

. '
wge 1)

3 Td, 2T ) ‘
u = NFPr [( D) | x
where

u = velocity of comhustion products, cm/sec

N = moles of gas introduced into the chamber upon hHuraing
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L gram of aluminum, g-moles/g aluminum

solid aluminum density, g/cm3

>
}

3
i

linear burning rate of aluminum, cm/sec
d = chamber diameter, cm-

. . . 2

a4 = chamber cross secticnal area, cm

. . : 3. NP .
X = universal zas constant, 82.057(cm Jatm)/(Cn)(g-mcle)

; ; (o]
i = Cnamber temperature, i

gv}
|

= chamber pressure, atm

{4) it is assumed that the particles are nucledated at a
constant rate of n, (nuclei/sec/cm of the chamhor
The total number of particles passing any given distance

X, n., is gilven by iq. (2).

3
1
o}
=
~
[

(5) particles are assumed to grow by the mechanisin of diffu~
sion of gaseous aluminum, atomic oxyzen, and aluwainum sube

oxides to the particle surface followed DY ¢ Neterusenaoils

@]
-t

chemical reaction to form condensed Alvog' The rate

particle growth is ziven by the mass transfer law, Eg.(3).

-(j—‘-’. — -)’ " - ’ 2:; [
T (c Ce)af Loy

Y o= an empirical rate constant wnhich will be referr..- ro
as. the growth constant, cm/sec

4
]

<~ = coacentration of the oxide in rhe A% phaso, molos/on”
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C_ = equilibrium concentration of the oxide in the gas
phase at the chamber pressure and temperature,
3
moles/cm

& = surface area of a particle assuming that the particle

2

is spherical, cm

. . 3
v = volume of a single particle, cm

M = molecular weight of the oxide, g/g-mole
3

= density of the oxide in the condensed state, z/cm

8 = time, sec

i

I'ein assumes that the growth constant, Y 1s constant and

bl
independent of particle radius. Fein justifies the above
five assumptions by demonstrating the agreement between

the model and experimental data.

(. Verivation of Average Particle Volunes and the farglia .

Cizce Listributions

I'ein derived the particle size distribuzicn fror nas

model shown in figure l7. Pirst, he took the dirfrercatidl

mass balance of the gaseous oxide taken over the zds streanrn,

‘he small differential element of chamber length is shown

in Fizure 18, The flow rate of oxides into this differentia.
clement is CAU moles/sec. The flow rate of oxides from t-is
e lement to the main stream is Cal + aOx CAL)dx moles/sec

rein defines ui (moles per cubic centimetor) as thne inioia,

conceniration (before any condensation) of the oxides lew -

ing, tixe gas film adjacent to the aluminum surtace. “ho Jiow

of condensable paseous oxides into this differential element
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from the aluminum surface is given by:

o i ’F—g_ }i'\ 3
\,iAu CiA [NFPI“(A )(P ;] dX_

Cidudf;r(P )dx moles/sec

At is defined as total surface area of all particles at
the position of x per second. Then the total particle
surface area per cubic centimeter at position of x is
A?/Au cmz/cmB, and the total surface area of all particles
in the differential element is (At/Au)(Adx) = A, dx) = A dx/u.
From Zq. (3), the total number of moles of oxides that coa-
dense in the differential element per second can be ex-

pressed by the following equation:

gdv = }'(C-Ce)adﬂ

{ A
~ 5 Tdx
)’ (C"ve) u

The amount of oxide condensate is equdl to the sum of the
rlows into the differential element from £ds stream ond
from the gas film adjacent to the aluminun surface minus
the flow out from the differential element ro tne wain ca
stream,

e
7 an L

Il — 3 - N UE _ij_— ('\f;'\ «
cau + uidﬂd(}rkp )dx EVAU + dX(JAJ;dx}

- Y(r. 5 (4%
(C Ce)‘xt\u

Substituting u of iqg. (1) into Eq.(4) zives:
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N 1 J wn 1 o T - )
- Nfrd fi,rﬂT _ NTTd Fprulx de cmrdmer :W(c Co)A AP s
P P dx P NWdferTx

The accomplishment factor5§ is defined as:

3 C.=C
Ci-Ce (6)
The maximum driving force S is defined as:
S = (,.l - C (7
Substituting C = C -S;; and & o -Sgi into E (5)
i dx = dx i
and using A =1T(%)2 yields:
3a_($-1)
d_ v - N
dx(X§i> e = 0 (3)
where
| ¥ p 2 o \
° = (aw)(NFPrs;{T) (9)

ta. (8) is the differential equation expressing the mass
balance for the oxide around a differential element of the
chamber. Next step is to express A_ as a function of x

and $ , and then find a solution to kq.(8). Let v, be

the volume of a particle (cubic centimeter) at the positicn
of x, and let ai be the surface area (centimeter squared)
of this particle. vy and a, are the values of v and
ai, respectively, at the position of x = Ry Hiere X

is the distance from the head end of the chamber to & poinc

of nucleation. 1f the particles are spherical, then:




2. 3
I N O ;
v = DD (10)
and
L
1,%5.7
dv, = z(57) day (11)

furthermore, from the growth law given by Lq. (3),

v
= - = (172"
dv, [V(L Ce)air,]de (12)
From kq.(1),
| . md,  RT
w==ane (GHED |«

N1 €,rdi T X

dy the substitution of Eq.(13) into {(12), the independent

variable changes from time to distance as foliows:

C"‘C N -DxAP
)K €l 1 ‘]dx (14)

dvy = [P NPT dRTx

1f dvi i1s eliminated between equations (1l) and (14),

L Y(c-c_)map
ity 4y = LB i\'fPr"ﬂ'dRTx]dX

Eg. (15) is integrated between the limits (ao,xi} and (ai,x)‘

ool 4 ('1 7z,
P NGreTwd  Jx % A0

1; ~Sx [2 Vind Y (C-Ce)l\'h‘\l’]dx L
A, =
1 X
i

Substituting A :TT(Q)Z

5 into Lq.(16) and squaring,
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x Vit Y(C-C_)MPd )
ay = S Z'VFeRT §§ + ao] (17)
xi FL Pr;

The expression for ay is obtained after substituting the

relation, C-C_ = & (1-2), into Eq.(17);

X dx 5 2 x
ai=[Qj' (1-§);—+a0] (18)
X3
where
JTY S vpa .
¢ 2PNPrRT (19)

Eq.(2) indicates that the number of particles passing any
given position of x 1is n x . Accordingly, the number

of particles initiated per second over the x 1interval

dx.l is nodxi . The surface area of particles passing pos-
ition of x per second initiated over the x interval

dxi is noaidx.l . The total surface area of all particles
passing position of x per gecond (At) is the intezration

of n _a,dx. fr t
f oX 9%y om © o X,

A = QX . (20
t N5 jx 11dx1 Lt
(o]

1t the o, of £q.(18) is substituted into uq.(20), the
resultant equation is the function for At expressed in

terms of & and x . If kq.(8) is expanded and solvea ror

b

ad
dx

ad BAt(l'é) b2
dx x2 T x

(21,
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If £q.(21) is solved for A, assuming $ is constant

a$
(& = 0%

the result is:

At = ['E(I:E;TJX (22,

Upon integration of Eq.(18) assumingfﬁ is constant, we

a, = [Q j-x 1-x§dx + af]z
X.
i

obtain:

[Q(l-§ )ln(f;) + af :[2

]

Q%(1-§)? Eln(ff):{z + 2afq(1-§)1n
1
(i%) + a (23,

@)
1

if Eq.(20) is integrated after substituting Eq.(23) into
Eq.(20),

X
A, = a.dx.
t \X Rt A

o}

= EZnOQZ(l-i)Z + ZnOa%Q(l—i) + n rno] .

o] O
(24
Elimination of At from £qs.(22) and (24) yields:
¢ 2 3 % 2 .
E:‘: = 20°(1-% )7 + 2416(2\1-§) + ao(l-é) (25)

wow, the number and volume average particle sizes and fre-

guency function for the particle~size distribution w.il e
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derived. The number average particle volume, Vn’ is
defined as the total particle volume in a sample divided
by the number of particles in that sample. If L 1is

the chamber length, the total particle volume leaving the

jL n v, (x;,L)dx; (2¢)

(o]

chamber is:

where Vi(xi’L) is the volume of a particle at x=L nucle-
ated at X=X . The total number of particles leaving the
chamber per second is noL, and therefore the number avera-e

particle volume Vn is given by:

l L
= “‘E,f n_v; (x L)dx (27
O o

From the i£qs.(10) and (18), vi(xi,L) can be found:

v = () L@ S a-m ) o]
-.-{-E—)lﬁr][q(l-&)ln(;%—) + aE:[B (28)
1

Substituting k£q.(28) into Eqg.(27) yields:

3
—_— S
Vo = \%? [Q3(l—§)3 + Qz(l-ﬁ)zag + Q(1-&) + ““E ](39/

hﬂw

o

he volume average particle volume is defined as the sum

over &all particles of the square of the voilume divid.:d by
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tne total volume; i.e.,

2
g < &MV

i'i

Generalizing £q.(30) for the continuous distribution of

particles leaving the chamber and using £q.(27) yields:

SL ( (x4 L))dx

é\ novi(xi,L)dxi

S [v (x L)j dx;
LVn

Combining L£gs.(28) and (31) gives the expression for v, o

20 3 3 1 (5.2 2.2 1 3
= 7= Q (1-$)~ + CEV;)[BQ (1-%) as + 2Q(1- §;u + 55“0
(32)

ihe frequency function f[v (x L)] for the particle =size

distribution is defined such that the probability of find-

ing a particle between particle volumes Vi and v, 1is

“~

v
ziven by j 2 fdv. The freguency function has certain
V1
(=)
properties; i.e.,~f fdv=1l and frequency function has
o

positive values. Fein defines the distribution functicn

r [v (x ,L) J as the total volume of all particles of

volume less than vi(xi,L) which passes the position



40

x=L per second. 1ln mathematic expression,

F [Vi(xi’L):] =_S novi(xi,L)dx (33)
X
1

Now, from the definition of the frequency function f(v),

the volume of all particles of volume between v, =Vv- %X
and v, = Vv + %X is given by nOva(v)dv, and thus
F Lv,(x,,L)] also is given by:
v
F(V) =S~ nova(v)dv {(34)
\'
o

where v 1is a function ol both X and L. Differenti-
ating Lg.(34) with respect to v and rearranging yields
the relation between the frequency function f(v) and the

distribution function F(v),

f(V) = F'{v (5‘

Lao

By differentiating Eq.(33) with respect to X,

ar(v) = - n Vv (3¢)
dxi o

sy differentiating £q.(28) with respect to x

jo we

obtain:

dv_ 1 2 ”)

e = - A =B (nk)? 4 202 (1-8) %Y 1k
1 1 i .

1

" qoq(l&)] (37
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By squaring Eq.(23) and rearranging, we obtain:

<> 9

a? = a!5 - Q(1-9)1n %% (38)
i

By combining Eqgs.(37) and (38), a, is eliminated,

av_ _ _ Q1-3) o |
dxi" T2 Var X, (39)

From the chain rule,

Friv) = dng dvl (40)

Substituting Lqs.(36) and (39) into £qg.(40) and substi-
tuting the resulting expression for F'(v) into £q.(35)

vields:

X.
(V) = s & (61)

From £q.(28), we obtain:

1
Xy [a% - (6ﬁfvi)3
T = expe Q(1-3) } (42,
1f £q.(10) is solved for % )
21
_ 3.3 .
a, = (6vo) w (43

¥inally, substituting Eq.(43) into £q.(42) and substitut-
ing the resulting equation into Lg.(41l), the final form of

the frequency function is obtained:
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. L 1 1
270 -qr® {(6\7)3 - (6v )3}
zexp[ o’ 1]

Q(1-8) (6v)3 Q(1-8)

If it is assumed that the volume of a nucleus (vo) is very
small compared to the number average pafticle ve lune (Vn),
and f(v) can be greatly simpli=-

the equations for V \%

n®> v

fied. When v, approaches zero in Eq.(10), a, becomes
zero to satisfy the equation. Under this assumption,
VR»'VO , the terms containing a, in Egs.(29) and (32)

can be neglected to give:

1 .3 3 (45)
Vo= A= Q (1-)
v, = Z= QC0-B) (4€)

1f Eq.{45) is solved for Q(l-i) and the recult is sub-

stituted into KEq.(44), f(v) becomes:

1
F(V) = —-];—2.—-—-—20}({).[—(%_\;~3] (/47)
V3(6v)3 .
n
It cdn be seen that, when v «V_ | the ratio of V te
o n \Y%

Vn is 20, In the limit as v, B&ets very large,

v
v o . .
T approaches unity. ‘-
n

L. he Hesults of Fein's Jwirface-"urning Yodel

W]
V]
8]

The frequency function f(v) in Lkqg.{47) is vormali:




0O

that is,J~ f(vjdv = 1. The frequency function for the partr-
' Q)
ical size distributicn now can be expressed for the given

value of Vn . |
Substituting the experimental number average particle

volume, V_  , into £q.(47), Fein cobtained the theoretical

Irequency functions as follow:

1
~ 4 3
f(v) = 0'6637X 10 exp.[ -2 x lO4 e V3] .
v3
Vo= 0,75 ¢ 107123 (48
n 1B
4 1
Q
f(v) = 1.99 § 10 €XPD o [- €.02 x 104 % v3 j,
v 3 )
V_ = 0.0274 x 107 e’ (Lo,
The values of V in Egs.(48) and (49) are measured ar ithe

n

chamber pressures of 34 and 10.2 atm, respectively, in rein

experiments.  <hen the volume average partvicle velume (oi

the weight average particle volume)is Vv = 0.523 x 10 7
v

.3 , 1 - =20 3 . .

¢m”, or V. = 5 V= 2.615 x 10 cm”, the colrespondin

freguency function according te lFein's eystem model ie:

N
)

O =
. 2,05 x 10 € 3 .
f(v) = 5 exp. | =€.15 x 10 v)] (50,
[
v 3
The above exemplified value for Vv is eguivaient .o

o
4

100 A diameter particle size which is desired ‘v colleic

~

thrustor. wqgs.(43) and (49) are pleocted in Figures (L5
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and (20). The individual points on the graphs are Fein's
experimental results. Comparison of Fein's analysis with
his experimental results shows excellent agreement between
the theory and experiments. Samples of particles collected
by Sehgal (reference 32) were sent to Fein. 1In Sehgal's
work, the propellant composing of 12% aluminum, 19% poly-
urethane binder, and €69% ammonium perchlorate was fired
into a stainless steel collecting tank at the ambient
pressures of 34 and 10.2 atm respectively. Fein dispersed
and photographed these particles through an electron micro-
scope and determined particle-size distributions by count-
ing the particles in the photomicrographs. This fact
justifies those five assumptions made early by Fein. if

tg.(25) is multiplied by Q,

Kyy /2
My oy L3 3 2 2 %
(*"2)(“0) = 2Q7(1-3)" + 2Q°(1-8)%a? + Q(1-B)a (51)
where

JI© S map 5
¢ = X SNdP O (52

2
<= A () - E 5
"2 7 4w \WFmRT/ T Y R
3

S 2T2S rat FrRl 9 L
- ( )d - CLY
"2 fp 3

vividing 2q.(51) by 2VAy and then add to it the quattitvy

which is the result of iLq.(10), i.e., Vv

o = (e )é o




the result is then equal to V_ = as given by Lq.(29).

Therefore, we have,
Vo =(—7;r-=)(1<l)(_)+ Vo
1 k
(-—ﬁ) Kz)(n) » When v &V, (55)

The values for nucleation rate (no) computed by Fein are
2.35 x 1012 and 4.48 x 1013 nuclei/sec/cm at chamber pres-
sures of 34 and 10.2 atm, respectively. The various con-
stants uSeH by Fein in his computations are listed in
Table VI. n, appears to be a strong function of pressure
with n, decreasing as pressure increases. From this
fact, Fein concluded that nucleation process is not homc-
geneous, becauée homogeneous nucleation rates generally
increase with increasing concentration of the condensable
species, and concentration increases with increasing pres-
sure. This conclusion that the nucleation is not homogene-
ous is already indicated by Courtney (reference 25) and
Gordon (reference 26). In Fein's analysis, the frequency
function for the particle-size distribution is independent
cf the chamber length (L), but dependent upon nucleation

a .
rate (no)

D. Vapor-Phase Burning Model

In Fein's model, aluminum burns at high pressure (for
example 34, 10.2 atm), and therefore it does not burn a

vapor phase. As a result, it is expected that this



surface burning mechanism of aluminum directly impliecs a
wide particle-size distribution. Vapor=-phase burning of
aluminum should produce a much narrower particle~size
distribution because of rapid nucleation rate by virtue

of a higher degree of supersaturation (reference 2). A
vapor-phase burning model expected to produce a narrover
particle-size distribution is shown in Figure 24. A
central jet of aluminum vapor is enclosed in an annulus cof
oxygen to produce a flame. This model, in contrast to
Fein's, will therefore have a linearly diminishing dalumi-
num vapor pressure. The oxygen pressure can be assumed
constant thrbughout the length of chamber. This new model
changes the Fein's assumption (3). New assumption satis-
fying new model is that the velocity of combustion procuct
is proportional to‘the flow rate of aluminum and oxygen
vapor (or proportionai to the consumption rate of aluminum)
(g/sec), and the velocity is expresscd by Lq.(5¢).

u=n (8D 2 (56)

where u

i

velocity of combustion products, cm/sec

=
il

moles of combustion products produced from
the burning of 1 g aluminum, moles/g
m = consumption rate cf aluminum, g/sec.
A = cross sectional area of inside cylinder in

Figure 24, cm2
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R = gas constant, 82.057 (cm3)(atm)/(°K)(g-mole)
T = absolute temperature, °K
P = pressure, atm

The rest of Fein's assumptions are suitable for the above
new model for which a new size distribution will be derived.

By using the simple definition of linear velocity

u = g% in Eq.(56), we obtain:

- AP
de = WRi%X - (57)

Changing independent variable from time (0 ) to distance

(x) by substituting Eq.(57) into Eq.(3) yields:

- My _AP
dv = [ )‘(C-Ce)a‘,] m-dx (58)
Combination of Eqs.(ll) and (58) eliminates dv and reduces

Eq.(58) to Eq.(59) after performing integration betwecen

the 1imits,‘(ao,xi) to (a,L).

¥ _ My _AP_ 5

a? = 247 [ Y (C-Co)5 ) mamTil-x;) + a (59)
As previously described in Section (B), V& V. and there-
fore do becomes zero as Vo approaches zero according

to Eq.(10). Eq.(59) can now be reduced to Eq.(60).



of = 2V [)(C-Ce)%) h’nRT(L x50, V&V
= Q'(L-xi) | | (€0)
where Q'= ZVF_[?(b C )f hggl (61)

Squaring £q.(60), we obtain:
(@) (L-x,)? (62)
Substituting Eq.(62) into kq.(10), we obtain:

v = gzm(Q ) (Lexy)’ (63)

We can redefine the Eq.(27), assuming the constant number
of nuclei in the chamber, Vn =§ Vidxi . Substituting
i£q.{63) inte the redefined V, above and performing in-

tegration,

- L € 6l ]

Differentiating Eq.(63) with respect to X;, and substitut-

’)
ing the value of (L-xi)“ of £q.(62) into the resultant

equation,
dv_ _ . Q2 (€5)
dx.l 2V

Substituting kgs.(36) and (65) into i£q.(40), we obtain:

2n v

ot -_-___9___1 (6C)
F'(v) o'a )




Substituting Eq.(66) into Eq.(35),

£(v) = £5E (67)

(€8,

Substituting the value for (L-xi)2 of kq.(63) and subse-
quentliy substituting the value for Q' of ng.(€4), we
obtain the final form of f(v) providing that the length
0f chamber L is unity:
-1 -2
_ 3 3
f(v) = 0.21 Vn v (69)

Since the constant term in Eq.(69) will be normzlized later,

the length of chamber (L) can be chosen arbitrarily. A
particle-mass distribution function un-normalized for the
new model is obtained using Vn = 2.615 x IO'ZOcm3 and ex-

pressing Lq.(69) in terms of particle mass {m).
-2

f(m) = 17.9 x 105 m 3

wormalizing Eq.(70) with the maximum particle mass

m
(== lO-}zg); i.e., S(max')f(m) dm = 1, the normalized
' .

equation for f(m) is obtained:

wiro

f(m) = 3.34 x 10° m (71

The maximum particle mass is apparently not infinity, aau

therefore the definition of particle-mass distributics:



50

O (max. )

function, gaf(nOszl, should be modified to f(m)dm=1.

O

flumberical calculations for the thrustor efficiency shows
that an arbitrary choice ¢f the maximum particle mass (not

infinity) yields the same result of thrustor efficiency.

ILe  Colloid Thrustor Lfficiencies for Surface- urning and

Vapor-Phase Burning Models

it is required to know the particle-mass distribution
in order to predict the thrustor efficiency. The colloid
thrustor with narrowervparticle-size distribution has
higher efficiency than that with wider size distribution.
The effect of particle-size distribution on colloidal-
particle-thrustor efficiency is illustrated by mickelsen

and Kaufman (reference 31) by the following expressicn;

( fiﬁﬁ f(m)dm)2
0

U<1 I§ ) t) S,onﬂi(m)d

-7(:7(

where

n = thrustor efficiency

n u - propellant-utiliiation efficiency

f(m) = particle-mass distribution function, g-l
m = particle mass, g

ZlPl = total power loss, w ‘
J = lon current density, amp./sq.m

= net accelerating voltage, volt.
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For the ideal colloid thrustor, the net power loss EZPl
is assumed zero, and thusAthe ideal thrustor efficiency
can be simply expressed by Eq.(73) providing that pro-

pellant-utilization efficiency Ny s 100%.
> 2
( §vE gtmyam)™
. _0O
1= =
j.mf(m)dm

o

(73)

By changing:the independent variable from particle vclume
(v) to particle mass (m) in £q.(50), the particle-mass

distribution function f(m) is obtained as follow:
-2 1

6 X m 3'exp. [-3.89 x 10 3 (74)

f(m) = 5.16 x 10

Lq.(74) is renormalized into £q.(75) by the use of normal-

ization factor (=3.98).
-2 1

£(m) = 1.3 x 10% m 3exp. [-3.89 x 10° m3 (75)
ihe quantities, f(m), vmf(m) and mf(m) against m=m are
shown in Figures 21,22, and 23. Finally, 30% colleid
thrustor efficiency is obtained by the use of the particle-
mass distribution function in £q.(75) which is a result of
fein's analysis. In contrast to Fein's model, the wapor-
phase burning model has 64% thrustor efficiency. ‘his im-
proved efficiency has been calculated by performing the
integration of :Iq.(73) with the use of particle-mass dig=-
tribution function f(m) of Eq.{71). The quantitiecs, “{=;

Vuf(m), and mf(m) against m for the vapor-phasc rura.

model are plotted in Figures 25, 26, and 27.
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CHAPTLR V
Condensation of A1203

In the combustion of aluminum, it is generally con-
sidered that the Ale3 particles are growing through a
very complicated chemical reaction between the surface of
oxide film and the vapor phases, Al(g), AlO(g), O(g),
and Og(g). In such a heterogeneous condensation process,
a variety of chemical reactibns preceding condensation is
rate controlling. From this view-point, the classical
liquid-drop theory of homogeneous condensation developed
by Frenkel (reference 27), Volmer (reference 238), and
vecker and Doring (reference 29) is, therefore, not valid
for the heterogerfeous condensation of A1203 particles.
Work in related fields, such as chemical kinetics, surfacc
processes, and transport phenomena, is of importance to
predict the ccondensation rate in the combustion syston.
dowever, there appears to be no quantitative development
~0of nucleation or condensation theory in combustion systems.
rurthnermore, no experimental data on the condensation rate
in combustion systems Has been reported in the open | iter-
ature. At present, the rdte of condensation in a coabus-
tion system is only of academic interest. Finally, it
should be mentioned that the determination of A]ZQQ AT L

s

cle rforwmation efficiency has to rely upon tche experiment.




CHaPiur V1

CCNCLUSIONS

Aluminum wire or aluminum particles (smaller than
about 50 micron) can burn in a vapor-phase when the cowm-
bustion chamber pressure is maintained below 500 mmig and
high mole fraction of O2 is maintained throughout the
combustion process (region 3 in Figure 4). 7The effect of

net rate of heat loss from the flame on the vdapcr-phasc

<
£
-

hanm Al emiveecand
viewa LasCUlISoCed

har:
s 2 1nd

3

. - ~ S 1 \
rning critericn has vee laceman's

s

b

riterion for vapor-phase burning is a necessary bHut not

[ 4 1

sufficient condition. 7Yherefore, for the vapor=-phase com-
bustion of aluminum, it is not required to vaporize alumi-
num prior to chemical reaction with oxygen. &l wire burn-
ing seems to be very promising because no extra neat is
required to vaporize aluminum, and the control of aluminum
Wwire burning is much easier than the aluminun pcwder in
the laboratory situation.

the vapor=-phase buraning is souszht here in a nope to
ootain a uniform size of small colloid particles (10-100
angstrom diameter) which may be desirable in colloid
propulsion systems. The ignition temperdture of aluwiaun
coincides with the melting point of A1733 (2318%).  This
is because the melting of the aluminum oxide layer causes
the increase in the chemical reaction rate and leads Lo
tne iznition of aluminum. The adiabatic flame camperariure

. A - vanC -
calculated in Section i, Chapter 11, 3930%. is coamparaiie

iy .2



with 3908°% in Table 11 which is calculated by Fassell
(reference 12). This discrepancy probably came from the
use of different sources of thermodynamic data. The
actual flame temperature is lower than the adiabatic flame
temperature by virtue of the radiation loss from the flame.
The rate of radiation heat loss is a function of various
parameters, such as the particle size, chamber pressure,
wall reflectivity, the particle concentration, and the
chamber Qall temperature. The mathematical evaluation of
radiation energy loss from the flame was unable to be made
because of the.unknown nature of scattering and absorption
of small A1203 particles in the flame. In terms of the
nunber average particle volume, V,» the nocrmalized fre-
quency function f(v) for the distribution of particle
volume Vv 1is derived by Fein in kq.(47). Fein's con-
clusions from his analysis of particie-gsize distributions
are: (1) the particle-size distribution is independent

of chamber length (L) and depends upon the nucleation rat
(no), (2) the nucleation process is not homogencous. ‘The
30% thrustor efficiency is obtained by applying Fein's

analysis to the case in which weight average particle

N - — - -].8 3 . l vy - " .
vo lune v, = 0.523 %x 10 cm” or Vo= 5EV 0= 2.615 x
-20 3 , . .
10 cm”. The cffect of chanzing vV, on the thrustor

efficiency is proved to be neglijible. An improved
thrustor efficiency of 64%, in contrast to lein's model,

is obtained from the vapor-phase burning medel (sze




Figure 24). The explanation for this improved efficiency
can be found from the fact that a vapor-phase flame pro-
duces a uniform size of colloid particles and thus the

new model has higher efficiency.
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Q(T) versus T

Figure=-2
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e - O(T.)
Figure-3 q(TB) and WIQ(‘B) versus
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Figure-6 The Net Rate of Heat Loss (qloss) and the
Rate of Heat Gain from the Chemical Re-

action (q ) versus Particle Surface

react.
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Figure-~10 AH% versus T9K
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Figure-12 Particle Size &iffects on lieat ‘lux

300

WALL TEMHERATURE 212°

PRESSURL |27.

WALL REFL=C
MA

T
2

TIVITY .18
PARTICLE |MASS

FRACHICN 10k

AT FLUX,cal/cmzsec
N
I
S

% 100
0
0 10 20 30 40 20

PARTICLL RADIUS, MICKRCH

Figure-13 Chamber Pressure Effects on Heat Flux

350
(@]
3
~ 300 £ ——
E WALL TEMPLRATURE 812%%
~ PARTICLLE RALDIUS D oMicron
o WALL REFLACTIVIT 0.1&
9 PARTICLE {ASS FRACTlun 10,
><n
o 250
-
fry
=
<
=]
o . i
}
200 -/ |

10 20 30 40 50

CHAMBER PRESEURE, Atm.



70

=
o
o
i
ot
1%
S
o
)
=
)
_J

Yellectivity on Weat ¥1.x

50

R T LU
AT TRMPLKAS R 81:1w
PRLSS WG
PARTIVLE FADLSS O Pigron
30
10 Al
.
§ .
- 150
.
2
e
. .
) Al
[SUAY ——
i \
\ \
~
N
: . 5. o N




Lat FLUX,cal/szsec

1
i

o
L

JSSIVITY

O
-
o~

RS

rl

APPARENT

C.5

Figure-15 \all Temperature Effects on ileat Flux

28

PRLESURL

WALL

REFQECTIVITY

PARTICLL
PARTICLL

27.2 atm

G.18
RADIUS 5 dicron
MASS FRACTICH

Figure-1l€ Apparent iImissivity versus Particle

{00 1500

WALL TEMPERAT UM

Fraction

-
2(

300

~

?

2500

oa

S

s

PRESSURE
PARTICIE #ADIUS 15

Pl BN

27.2 arn

micron

o
L]
o




/2

Figure-17 Schematic Diagzram of a Burnins
Alumirum
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Figure-2C Theoretical Frequency function versus
Particle Volume when2 3
v, = 0.0274 x 1071 em
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Particle-mass Distribution Functicn f(n), g
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Figure-21 Thecretical Particle-iass Distribution
Function f£(m) versus Particle iass m.
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Figure-24 Schematic Diagram of a Vapor Phase Burning Model
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TABLE I
(9] T . 3 ™ f IL D
METAL  MBTAL  METAL  OXIDE  OXIDE  OXIDE X I
M.P.°K__ B.PeK : M.PJK  B.PIK METAL

Li 454 1620  Lig0 1700 3200 0.58(4) ]
[}
v}

Na. 371 1156 Nas0 1190 1550 0.55(4) 3

K 337(7) 1052(7) Kp0 800(4) 1750(4) 0e45(%) |

Mg, 923 1381 Me O 3075(4) 3350(4) 0.81(4)

Ca 1123(7) 1693(7) Ca0 2873(7) 3800(7) 0.64(4)/

Al 952 2740 Aly0z 2318 3800(4) 1.45(4) %
3

Be 1556 2750 Be0 2825 4123 1.68(4)|
=

Si 1685 3582 510, 1883 3000
fT)

T4 1950 3550 Ti0o 2128 4100 1.73(4)] 2
S

Zr 2125 4650 ZrOq 2960 5200 1.45(4)]
:

B 2300 3950 B, 03 723 2520(4) ] °
>

The numbers in breackets are the references from which tne data

were taken. I!mmarked values came from reference G.

GRCUP I --- VOLATILE METAL
GROUP II--- NONVOLATILFE METAL WITH INSOLURLI OXIDE
GROUP II] --- NONVOLATILE METAL WITH SOLUBLE OXIDE

CROUP IV --- NONVOLATILW METAL JITH VOLATILE OXID®
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TABLE II
GQIQBQ TIC FLAVE TEIEFBQ I'ZRE QE SOME "'@ISI§
X M(s) 4 Y/2 05(g)

MRTAL X Y T°K COMBUS TICN PRODUCTS, WOLE FRACTION

Al 2

98]

3908 A1=0.064, A10=0.,094, Al150=0,209, 0=0,36¢
05=0.097, Alp03=0,172*

Ng 1 1 3229 Mg=0.171, Mg0=0.484, 0=0.053, 0,=0,059,
M{;0=O 0233*

Li 2 1 2846 Li=0.370, 130=0.,041, Li,0=0,164, 020,015,
05=0,075, Lig0=0,334

3e 1 1 4210 Be=0,218, Be0=0.033, (Be0)y=0.012,
(Be0)z=0,012, 0=0.189, 0p=0.014, Be0=0,.522*

B 2 3 3786 Bp0,=0.264, B0=0.500, Bp0y=0,011, 0=0.189,
052°0,035

*marks denote the condensed phase; all other products are gaseous

TABLE ITI

IGNITION TEMPERATURES OF METALS IN 0,(g)

METAL M.P.,°C IGNITION TEMPERATURE,®C
Li 179 190

ya 97.8 118

X 63 69

g 650 625

Ca 850 550

B 2100 —

Al 660 % 1700

el 1730 _—

Zr 1845 B
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TABLE 1V

The Compositions and Heat Balance in Al-O2 Flame at Vari-

ous Assumed Temperatures

Temperature,oK
LogyoXp

B
Compositibn,Mole
AL,0,(1) |
Al(g)

A10(g)

0(g)

Heat Contents
of Products,Kcal

Dissociation Energy
of A1203(1), Kecal

Total Heat
Consumption, Kcal

Heat of Formation

of Al,0.(1) at 298°,

Kcal/fole

3960
-204
0.382

0.618
0.382
0.382
0.764

127.98

214.0

341.98

400.4

3970
-203
0.432

0.568
0.432
0.432
0.864

125.6

243.0

368.6

400.4

3980
-2.2
0.5

0.5
0.5
0.5
1.0

121.81
281.3

403.11

400.4

3990
-201
0.582

0.418
0.582
0.582
1.164

117.3

327.0

444.3

400.4

4000
-2.0
0.683

0.317
0.683
0.683
1.366

112.2

384.0

496.0

400.4
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TABLE V

THERMODYNAMIC DATA FOR AL-02 SYSTEM

Al(gas); molecular weight, 26.98

I

Formation from ossigned

T, cs, w-a‘ ”_ 4@46L . reference elements
°K col/mole °K cal/mole cal/mole °K col/mole cal/mole (AHR)g, tog, . Ay

col/mole 0

0 ———e—- 0 ——————— 0 75760.4 76857.6 ~eemmen
100 6.0209 588.2 33.3uuu 27u6.3 76354.6 77331410 ~162.0725
. 200 5.2899 1144.8 37.2314 6301.5 76911.2 7754, ) ~Tl.u9?
v 298,15 5.112% 1653.6 39,3038 10064.8 77820.0 77420.0 ~4¥.6588
300 S. 1107 1663, 1 39.3354 10137.% T7629.5 T7818.7 -4v.2889
#00 5.0472 2170.5 40.7956 Wiur.7 11936.9 17328.6 -35.1966
$00 5.018) 2673.6 41.9184 18285. 6 7B4%0.0 T120%.5 -26.7528
600 5.0024 37,6 42.8318 22524.5 78940.9 T7048.6 =21.13u0
700 4.993) 3674.3 43,6021 26847.2 TouLO0.T 76862.0 -17.1293
800 %.9872 4i73.3 w4, 2689 31261.5 79939.7 To6k5.0 -1k, 1338
900 %.9831 4671.8 wh.8556 35698.2 80u38.2 T0397.9 -1t.8100
%1000 ¥.9802 $170.0 45,3805 40210.5 80936.3 73605.1 -9.99v4
1100 w.vi8i 5667.9 45,8550 wu772.7 Biu34.2 73403.0 -8.9392
1200 “.9765 6165.8 46,2881 49380. 1 81932.0 73200.8 -1.3256
1300 8.9752 6663.2 46.6864 54029.1 82629.5 72998.3 -6.3014
1800 w9762 7160.6 47,0550 58716.4 82927.0 72195.8 -5.4261
1500 9734 7658.0 47.3982 63439.3 8362,y 72593.2 -4.66%6
1600 4.9728 8155.3 47,7192 68195.3 83921.7 72390.% -4.0023
1700 %.9722 8652.6 4€.0206 72982.5 84418.9 12187.7 ~3.u286
1800 ¥.9718 ?149.8 48,304y 77798.9 BL916.2 11984.9 -2.9137
1900 “.9Tin 9646.9 «48.5730 82642.9 45613, 8 717821 -2.4543
2000 4.9711 101uk.t | . 48.8286 87513.1 85910.% 71579.2 -2.0620
2100 %.9708 10641, 2 49,0711 92408.2 86407.5 71376.3 -1.6702
2200 v.9706 11138.2 49.3024 97327.0 8690u.6 THIT 3. -1.3331
2300 K 9704 11635.3 49.5233 1022686, 3 87401.7 70970.5 =1.026)
2600 4.9703 12132.3 L. 73ub 107231.3 87898.7 10767.5 0. 7456
2500 %.9702 12629.3 so.9377 1122150 88395.7 70564.5 -0.4882
2600 “.9704 13126.3 50.1327 117218.6 88892.7 70361.5 -0.2512
2100 4.9702 136238 50.3203 122241.3 89389.7 70158.5 ~0.0324
2800 4.9703 14120, 4 50.5010 1272824 89886.8 69959.5 0.1700
2900 4.9705 w6174 50.6754 132341.3 90383.8 69752.6 0.358)
3000 %.9709 151165 50.8439 137u12.3 90860.9 69549.7 0.5330
3100 4.9715 15611.6 51.0069 142509.9 91378.0 69346.8 0.6963
3200 %.9723 186108.8 Si.i6us 1467618.5 ?1875.2 69144 .0 0.8udy
3300 “.9735 16606.1 51.3178 1527627 92572.5 68Y41.3 0.v910
3%00 4.9750 17103.5 51.4663 157682.0 92869.9 68738.7 1o12s7
3500 L0769 17601.1 51.6105 163035.8 v3367.5 68936.3 1.2517
3600 w9 18098.9 51,7508 168203.9 93865.3 68334.1 1.570%
3700 L7824 18597.0 51,8873 173385.9 u363.u 68132.2 1.u824
3800 L.9862 19095, 4 52.0202 178581.3 9uB61.8 67930.6V V.5083
3900 4.9908 19594, 3 52. 1494 1683789.8 v5360.6 671294 1.6883
%000 h.9968 20093.6 52.2762 189011, 95660.0 67528.8 1.7831
4100 5.0030 20593.6 52.3995 196244.,9 96359.9 67328.7 l.u729
4200 5.0107 21094.2 52.520% 199490.9 96860.6 671294 1.9581
4300 5.0188 21595.5 52.6382 2047u8.9 97361.8 66930.6 2.0392
ws00 5.029) 22007.8 52.7537 210018.5 97864.2 66733.0 2.116u
500 5.0403 226022 52.8668 2159299.5 98367.5 66536.4 2.1900
4600 5.0535 23105.8 52.9117 220591.8 v8872.2 66341.0 2.2601
#700 5.0485 23611.9 53.0866 225895.0 ¥9378.3 66147.1 2.3202
4600 5.0854 2611946 53,1935 231209.0 ¥9886.0 65954.8 2.3910
4900 5.1035 24628.8 53.2985 236533.6 100395.2 65764.0 2.4523
5000 5.1203 25140.2 53.4018 2418068.6 100906.6 65575.% 2.5110
5100 S.t1u73 25653.8 53.503% 267213.9 101420.2 65389.0 2.5670
5200 5.1727 26169.8 53.6037 252569.3 101936.1 65208, 9 2.6208
5300 5.2008 26688.4 53,7025 257934.6 102454 .8 65023.6 2.6125
5400 5.2307 27209.9 53.7999 263309.7 102976.3 6uBuS, 1 2.7220
5500 5.2636 217346 53.8962 268694 .6 103501.0 646698 2.7690
5600 5.2992 28262.7 53.9914 274088.9 104029, 1 ouuv?.9 2.8154
5700 5.3376 28794.5 54.085% 279492.8 104560.9 6u329.7 2.85v5
5800 5.3774 29329.6 5u.178% 28L905.9 105096.0 6ui6u.8 2.v021
5900 S.u2iu 29869.5 54,2708 290328.4 105635.9 64004 .7 2.9430
6000 S.4802 30398.0 S%. 359 295758.6 W66k 63838.2 2.9823
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(gas); molecular weight, 42.98
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Formation from assigned
o
07‘ Cs, . HE -He S2, -(FR-Hg), 2, reference elements
mol °
K col/mole °K cai/mole col/mole °K cal/moie cal/mole (AHRY, loq.o Ky
cal/mole

G mm———— 0 ——————— 0 18715.% 2084401 | =mme-e-
Lou © 89573 695.0 44,4610 3751.1 19410.5 21077.6 -41.2307
2u0 7.0519 1393.9 49,299y 8666.3 20109.0 2099646 -i8.2172
2v8.1 7.3815 21U0.5 52.1709 13456,2 20816.0 20816.0 -10.6920
300 7.3847 2114.2 52,2166 13550.4 20829.7 20812.4 ~10.5979
00 T.7654 2872.3 54,395y 18A85.7 21587.8 20617.9 ~6.8237
500 a.0607 3664.6 s0.1617 24416.2 22380.2 20417.5 -4.5807
600 ha2879 “682.9 57.6531 30108.9 23198.5 20201.4 -3.1007
1o BehbHy 5320.2 58,9434 35940,2 26035.7 19963.3 ~2.0553
8L0 8.5077 6l71.3 60,0798 41892.5 24806.8 19699.6 -1.2611
o 900 8.6578 1032.8 61.0943 47952.1 25748.3 19408.4 ~0.6874
1000 Hor211 ti02.2 62.0103 54108.1 2661117 16573.1 ~0.2602
1100 8.7835 uriIr. e 62,8448 60351.4 274979.4 16329.3 0.0666
1200 6. 8289 1658, 6 63.6111 66674.8 2837441 16085.8 0.3350
1300 8.8666 Lobe3. 4 64,3193 73071.7 29258.9 15642,2 0.5587
1400 8.8989 11631.7 04.9770 79537.0 30167.2 15598.6 0.7475
1500 8.9268 12323.0 65.5926 86065.8 31038.6 15354.5 0.9086
1600 . 849912 13217.0 6641695 92654.2 31932.5 15110.0 1.0474
1700 8.9731 isl13.2 66, 712y 19298.6 32828.7 14B64.8 1.1677
1800 8.9928 15011.5 67,2263 105795.8 33727.0 14618.7 1.2131
1900 9.0108 15911.7 67.7130 112743.0 34627.2 1643717 1.3658
2000 9.0276 16813.6 68,1756 119537.6 35529.2 14123.7 1.4478
2100 9.0432 1I7iT.2 68. 6164 126377.4 36432.7 13876.4 1.520%
2200 9.0540 186272.2 69.0375 133260.2 37337.8 13623.9 145855
2300 9.0122 19528. 8 6944404 140184.2 3824443 13372.2 1.6438
2400 v.0H898 20636, 7 69,8264 167167.7 39152.2 13119.0 1.6963
2500 9.0991 21345.9 70.1960 156149.1 40061.4 12864.6 1.7435
2600 9.1123 2¢256.5 70,5951 161186.9 40972.0 12608.8 1.7865
2100 9.1233 23168, 4 70.8993 168259.7 41883.9 12351.8 1.8254
2800 901384 24081.5 T1.2314 1753664} 4279741 12093.5 1.8606
2900 91517 24996.0 TL.5923 182505.6 4371146 11831 1.8930
3000 9.1065¢ 2591149 T1.8028 - 189676.4 $4627.4 11573.5 1.9222
3100 9.1790 08291 72.163% 196877.8 45544.6 11312.1 1.9492
3200 Y9.1934 clrat, 7 72,4552 204108.8 466673.2 11049.7 1.9739
3300 ¥.2082 28607.8 12,7383 211368.6 47383.3 10786.6 1.9964
3400 49,2237 29569. 4 73.0134 218656.2 48304.9 10522.9 2.01171
1500 9.2399 3051245 13.2810 225971.0 49228.1 10258.8 2.0362
3600 9.2568 31637.4 73.5415 233312.2 50152.9 9994.4 2.0538
3700 Y.2745 32363.9 75.795¢ 240679.1 51079,5 9729.8 2.0699
3800 9.2930 3329243 74,0430 248071 .1 52007.8 9465.2 2.0850
3900 Y.3124 34222.6 T4.2846 255487.5 52938.1 9200.7 2.0987
4000 9.3328 315194.8 T4.5201 262927.8 53670.3 8936.6 2.111%
4100 9.3542 36089.2 T4.7514 270391.5 54804.7 8673.0 2.1232
4200 9.3765 371025.7 74,9779 211877.9 59741.2 8410.1 2.1340
4300 9.3994 31964, 5 75,1980 2685386.7 56680.0 8147.9 2.1439
4400 P.6262 38905, 7 75.4143 292917 .4 51621.2 7886, 8 2.1532
4500 9. 4496 39849. 4 15,6264 3100469.4 H8564.9 7626.7 2.1618
4600 9.4761 40795.6 75.8344 308042.5 5951142 7368.0 2.1697
4700 9.5036 4l744.6 76.0383 315636.2 60460.1 7110.7 2.1171
«800 75321 4269646 76.2388 323250.1 61411.9 6855.1 2.1638
4900 Y.5618 4365141 16,4357 330883,8 6236646 6601, ¢ 2.1901
5000 9.592¢4 44606.8 76.6292 338537.1 63324.3 6349,1 2.1959
5100 9.6241 45569, 6 76.8194 346209 .6 64285.1 60991 2,2012
5200 Y.6568 46533.6 77.0066 353900.9 65249.1 5851.3 2.2061
5300 9.6904 47501.0 77.1909 361610.8 66216.5 5605.8 2.2107
5400 9.7251 LYLXAVRS 17.3124 369139.0 6T187.3 5362.7 2.2149
5500 YeT607 49446.0 T7.85114 377085.2 68161.6 5122.2 2.2186
9600 9.7572 50423.9 71,727 134849, 1 69139.4 4884.3 2.2222
8700 9.8346 51405.5 17.9011 392610.6 70121.0 4649, 2.22%4
%800 Y8729 92390.9 To.072¢« «00629.2 TL106.4 h4lr.) 2.2286
%900 9,911 535380, 1 Thol4ls 408245.0 12095.6 4188.0 2.231)
6000 9.9520 54173,3 78,4084 416077.5 13088.8 3962.0 2.2331




87

A1203 (crystal_r, liquid); molecular weight, 10]:.%6
I

Formation from assigned

T cz, He __Hoo‘o 52, _(/.-;_Ha)'o 2, reference elements

°K cal/mole °K cal/moie cal/mole °K cal/moie cal/mole (AHP)g, log, . Ky

cal/mole '©
L e [} o 0 ~4L2T94.4 =397499.9 | e-e-een
10C 3.0688 78.0 1.0241 24.5 -402716.4 -36v1.6 AH7.2333
20u 12.2228 841.5 5.9465 36748 -401952.9 ~379439.0 421.0514
298415 | 16,8840 2394.4 1241750 1235.6 ~400600.0 ~400400.0 217.1216
300 18,9744 2429.3 12.2891 1257.6 ~4uLL365.1 -400406.2 215,31 14
400 22.9076 4545.2 18.3509 2715.2 ~398249.2 -40550. 6 202.3146
500 25.3442 6970.8 23,7524 4905 .4 -395823.6 ~430476.0 153.6089
606G 26.8681 9587.5 28.520¢ 7524.9 ~393206.9 -400305.8 129.4413
706 27,9685 123332 32.751¢ 10592.5 -330461.2 ~430099.9 luR. 6174
6U0 28,7572 15171.4 36.5392 14060.0 -387623.0 ~3998490.2 93.0072
900 29.3523 180784 39,9518 17887.2 ~386716.0 -399695.4 80.4722
b1ooo 29.4136 21031.5 43.0784 22040.9 ~381756.9 -404559.6 71,0878
1100 30,1745 24036.8 4549393 26696, 4 ~378757.6 ~494218.7 63,0538
1209 30,4647 27069.8 48,5775 312231 ~3715726.6 -603858.4 56, 3644
1300 30.9068 30141.0 51.036C 3020>.8 -372653.4 -423472,2 50.709%
1400 31.2819 33250.6 53.3402 “1425.8 ~3695643.8 ~403058.7 45.86170
15¢0 31.6436 36396.9 55. 5109 46869.4 -366397.5 -402618.4 “l.6747
1600 31.9951 39578.9 57.5644 52524, 1 ~363215.5 ~402151.7 38.0109
1700 32.3389 42795.7 59.5144 58378.8 -359998.7 ~431659.3 34,1815
1800 32.6166 46046.5 61.3724 66623, ~356147.9 ~4J1141.5 31.9148
1900 33.0C9 49330.8 63,1481 70650.5 -343463.5 -400599.8 29.3533
2000 33.3382 52648.3 6%.8490 77051.0 -350140.1 -420031.4 27.0511
2100 33,6639 55998.4 6644841 R3618.2 ~346796.0 ~399439,6 24.9709
2200 33.9870 59381.0 68.0576 90345.8 -343613.4 -338823.7 23.v827
2300 34.3079 62795.7 69.5755 91221.9 -339998.7 -398183.9 21.3616
62318 36,365 63413.8 69.843 9Ib4n2.3 ~339380.6 ~3968063.3 21.0672
2318 35.0 89413.8 81.060 9R4B243 -313380.6 -3720%1.2 21,0672
2400 35,0 92283.8 8242765 105179.8 ~310510.6 -3714/8.8 19.3703
2500 35.0 95783.8 83,7053 11367944 -307010.6 -310769.9 18.5184
2600 35.0 99283.8 85.07aC 121919.0 -303510.6 ~370068.9 17.2132
2700 35.0 102783.8 463989 1306493, ~3C0010.6V | -369375.7 16.1223
2800 35.0 1€6283.8 ar.e718 139197.2 -2 4651046 -36469C.1 15.0553
2900 35.0 109783.8 84.900u 144026,2 -293010.6 -368012.0 14,0642
3060 35.0 113283.8 90.086> 156975.8 -259510.6 -307341.0 13,1424
3100 35.0 1167638 91,2362 166042.2 -266610.6 ~3666717.1 12.2781
3260 35.0 126283.8 92,3454 115221.4 -28251U.6 - 366020.0 1t.4712
3300 35.0 123783.8 93,4274 1845101 ~219010.5 ~365369.5 10,7141
3400 35.0 127283.8 94,4612 195904, 1 ~275510.6 ~3641725.3 10.6031
3560 35.0 130783.8 95.4F1 8 203622.5 -212¢C10.6 ~164087.3 9.3338
3600 35.0 1364203.8 9644678 213000.2 -268510.6 ~36345%.1 8.7029
3700 35.0 137763.8 97,4261 222695.2 ~265010.6 ~362824.5 8.1070
3800 35.0 141283.8 9843601 v | cI24R4.T -261510.6 -362207.4 W 7.54 39

3900 35.0 164783.8 99.2693 24216644 -758010.6 - 361591.5 7.212
©000 35.0 148283.8 100.1554 250331.8 -256510.6 -360940.6 6.5041
%100 35.0 151783.8 101.0196 260396, 7 ~251019. 6 ~360374.4 6.0234
4200 35.0 1552838 1018631 272501.1 -247510.6 -359112.9 5.5663
4300 35.0 158783.8 107.6866 282706417 -264010.6 -359115.7 5.1312
%400 35.0 162263.8 103.4912 293077.7 -240U510.6 -358582.48 4.7156
4500 35.0 165763.8 104.277¢ 30 3466.3 ~237010.6 -351993.9 “.3213
4600 35.0 169283.8 105,047 3135332.7 -233510.6 ~357404.9 3.9436
4706 35.0 172783.8 1057998 326675.2 -230C10.6 -356821.7 3.5828
48C0 35.0 176283.8 106.5367 335092.2 ~22651046 ~356250.0 3.2312
4940 35.0 179783.8 107.2583 345182.0 -223010.6 ~355675.8 2.3066
5000 35.0 183283.48 107,954 3565433 -219510.6 ~355105.0 2.5891
5160 35,0 186763.8 108.6585 367374.6 -216010.6 ~356537.5 2.2855
5200 3540 190283.8 1oy.338] 3780140 -212510.6 -353973.0 14793
5360 35.0 193743.8 110.0048 3847618 -209010.6 =3534l1.7 1.7132
5400 35,0 197283.8 110.6591 4002751 -20%510.6 ~352853.2 L.4435
55C0 3540 200763.8 1113013 HLLaT308 -202010.6 -352241.6 .18 34
5600 35.0 204283.8 11193ty 422535.0 ~198510.6 -351744.8 0.9341
5700 35.0 20¢7683.8 1105514 433759, ~194010.06 =351t 0. 0934
5800 35.0 211283.8 113.1601 445046, 0 -1i151u.6 -1506647.2 0.4614
5900 35.0 214763.8 113.758¢4 456391.0 ~188010.06 - 130197.3 0.2379
600u 35.0 218283.8 ll4.3467 467776, -184510.6 ~34t559.9 v.u217
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O(gas); molecular weight, 16

Formation from ossigned

T, Cp, 2~ H3, 53, ~(FP=H3), 2, reference elements

o L] o
K col/mole °K cal/mole cal/mole °K col/mole cal/mole (AHR)f, ‘oglo Kr
cal/mole

¢ ————— 0 m—————— 0 45194741 L8980 | =—-----=
100 .50 5219 32.%06¢2 2119.1 2H470.6 59167.2 ~126.7319
200 5.6 341 1084, 36,3400 6l183.1 59034.0 51376, 7 -~61.9494
24bal> S.2373 louTeu shebbUL Y86HL.Y 3995646 579%6.6 ~40.6022
3ul D234 ibi?.2 33.50 J 993341 S9% 0. 3 L9959.9 ~40.3330
«0U Selde? 2i39.1 39,93, 1 L3861.6 CLLLTES 59722.7 ~29.64725
500 5. 0b0d 2645.0 alel3ini 179172.9 6UY 4.8 578676 -22.9391
6uC 540490 3152.0 ©2.0%64 220480.6 611011 599964 -18.573%
T0L0 5,024 3655.8 42.83114 263259 61605.0 6ULLE.? ~1h.4488
800 5.01%¢ 4198.u 43.5%010 30643.3 6210741 6021446 -13.1010
900 5.0059 4639.0 46.0914d 3%023.0 026082 LLIVHL O ~11.2719
Louo 4.99490) S5199.3 44,0188 34459.6 6310d.4 6U39%.0 -9.8065
[y 4,990 565849 49,0050 43945.7 63608.0 60461751 -3.6058
1200 4,00 b olvHed 45,5294 “BaTl.2 64l07.2 6050, 1 ~7.6040
1300 4.94%07 6626.9 45.928u 530504 64600.0 6U620.Y -6.7552
L1600 b 9642 T1%%.4 46,2981 57661.9 0)104.6 60687, 1 ~6.0269
1200 49823 T653.1 46,641y 62309.1 6560249 60750, ) -5.34951
1600 4.9H07 dlolev 46.9634 66909.0 66101.0 HOBO . T -4.8616
1700 4979y 6669.9 41,2053 TLI01.2 66973.0 6060043 -4.3528
1600 4.9106 Flalen 4al.5499 T6442.1 6709649 609149.4 -3.9179
[ETY 49180 96450 67,8191 81210.06 67974.8 60970.Y -3.528%
2000 49714 1)143.4 48,0744 B600Y .4 £HU92.5 61018.) -3
2100 4.9 140 106412 4830 T 90H25 .1 69590.3 6100343 -2.8601
2200 49780 Lil3ve .48 9566H.5 69044, 2 6L105.5 -2.5112
2300 6,997 1i636.9 “u. 1102 10U 345 6758641 Gilas. i -2.3072
2400 Ty 12135.0 “4B.9d2¢ 10%422.2 107041 6liul.? ~2.0650
2500 49830 1203342 43.1850 110330.7 r0582.6 61216.17 -1.8621
2600 4.9804 [ETEI PR 43,3011 115259.1 71080.9 61748.9 -1.6362
2100 4. 9K 136304Y 49.5693 120206.6 TioT4.7 61278.8 “1a445Y
£B00 49940 laleve? 49,750 12917241 12078.9 61306.5 -1.2683
2900 4.99u48 146294 49.9206¢ 130156406 72518.5 61332.2 -1.1033
3000 5.0043 1312945 500958 135157.8 13078.6 613%6.0 -0.9492
3100 5.0t0% 156304 50.¢2999 140175.6 TI579.4 61378.0 -0.8050
3200 501712 16131.6 20,6091 14520946 140808 61398.4 -0.6694
3300 5.0246 166337 2045130 150299.3 1458¢.8 YIRS -0.5421
3400 b.C3e7 1713645 50,7231 155324.2 1508941 61434.9 -0.4230
3500 5.0613 11640.¢ 50.8697 160403.9 195844 6l451.3 -0.3102
3630 5.0%04 lules.n >i.0117 169498.0 76094.0 6140646 -0.2030
3100 5,060V 13690, 3 blelv0¢ 17060641 (699945 614610 ~0.1027
3800 5.0101 168 91.285%" 175727.9 17106.0 6167491 -0.0072
3900 5.0H00 196064, 4 sietlls L8uR6 3. L 176135 6luLl. 4 0. 0835
4000 5,095 20t 3.0 S1.5461 186011.3 1912241 61919.6 0.1697
4100 55,1027 2066247 Sle6714 191172.2 19631.8 61531.4 0.2517
4200 S.llnl 2119305 Sl 7950 196345.0 19162.7 blbvesa? 0.3298
4300 5. 1254 21205.% 519195 2015311 196547 6159 3.8 0.4043
4400 Seldle 2221847 9240339 20672846 40167.8 6196446 0.475%
4500 S.l4 26 22133.0 v2. 1491 241937.8 HO6B2.2 61575.2 0.5433
4600 s.1607 23248.0 52.2024 217158.3 sliat.8 615858 0.6083
4700 S5.173n 2357654 92.3735 22239042 blT14.5 614%6.3 0.6706
4800 5. 16606 242834 b2 6820 221633.0 62232.5 61600649 0.7303
4900 51941 2680246 $2.5990 23288646 827517 61617.% 0.78179
5000 5.2102 293¢3.0 92,6448 23615048 83272.1 6lblg.l 0.842%
5100 542223 208440 52,7981 2643425.9 B3793.0 616139.0 0.6953
%200 b.236¢2 203674 92.89%0 246710.6 badlt.b 61649.9 0.9461
53030 542400 duHIle S PYERER T 254005.4 be840.6 6160611 0.7950
5600 942577 ZTh1bad 53,0970 299310.2 H53653.8 b1Ll2. 0 1.0621
5500 %.2691 2194 3.0 Y3.lrel 264624.8 B5892.1 CICLETY] 1.0875
5600 5.2804 2847045 232892 269749.0 BL41D.6 OltIvel 1.1312
v 100 5.2915 2699941 H3e 3820 275262406 BoIen .2 oLvIul.l 1.173%
5400 543024 29526.8 23,4162 2HO625 . wlatTl.y LTI d 1.2143
9300 B3I 3002945 93.%u5%0 2859771.Y BHOOB.T (AR ETPR] 1.2537
[ Y4324 30574e 6 33,6950 29133806 BES4UD 6l l4a4.9 1.2918




